Abstract: This paper investigates the response characteristics of a stow net under wave and current excitations, as well as the feasibility of its monitoring system to check net functionality and prevent loss of fishing gears. The stow-net model is based on one of existing types used in southwest coast of South Korea. The measured wave and current data there are acquired and inputted as environmental loads for numerical simulations. The Morison equation for a moving object with equivalent net model is utilized as the external-force estimator, which has been validated by many researchers regarding fish-cage studies. Since the modelling of all the net elements is inefficient in terms of computational time in time-domain simulations, cruder equivalent-drag net elements are devised with equivalent wet mass, projected area, and axial stiffness. The performance of stow net is highly influenced by current velocity. Stow nets submerge more in stronger currents, which results in less wave forces. The proposed monitoring system can provide useful information, such as net functionality and loss of stow net, using the minimum number of monitoring sensors.
Introduction
Recently, marine-environmental pollution caused by marine litter has increased. In particular, the marine-environmental pollution caused by the loss of fishing gear is recognized as a serious problem [1] . In South Korea, 20% of used fishing gears are lost or abandoned, and only approximately 15% of the lost or abandoned fishing gears are collected-therefore, the remaining 85% may harm the marine ecosystem [2] . To prevent the loss of fishing gear, it is necessary to better understand the dynamics and behaviors in waves and currents, and develop an efficient way to monitor them.
The predominant type of fishing gear in South Korea is the drift gill net, stow net, and fish trap. Among them, the stow net has traditionally been utilized on the southwest coast of South Korea by using strong tidal current [3, 4] . The stow net freely changes its direction according to the direction of current flow by a single-point-mooring line (SPM) fixed with anchor, and the current force leads to the catch of fish. In order to realize such characteristics, the density of its net entrance should be smaller than that of water. As the stow net influenced by strong current and wave excitations, the possibility of net-loss increases a lot through braking of lines or twisting of net assembly.
In this regard, reliable numerical tools for the global-performance evaluation of stow nets for diverse ocean environmental conditions are needed. Cage-mooring-coupled-dynamics numerical tools have been developed by several researchers using the Morison-force and screen models. When the inflow angle is less than 45 • , the Morison-force model provided good validation results against measurements even without considering interactions between twines [5] . Lee, et al. [6] suggested a mathematical model to analyze fishing cage system in current and wave including comparisons with experimental results. Huang, et al. [7] investigated the effects of waves and currents on gravity-type cages and mainly focused on mooring tensions and volume reduction coefficients of the cage. In addition, Huang and Pan [8] conducted a fatigue analysis of a SPM-cage system under wave and current loads. Zhao, et al. [9] investigated hydrodynamic behaviors of gravity cages in currents and waves including comparisons with experimental results. Zhao, et al. [10] studied dynamic behaviors of box and column-shaped net cages in waves and currents. Cifuentes and Kim [11] conducted numerical simulations of a fishing net in currents, and a wake model was applied to downstream nets. In addition, Cifuentes and Kim [12] further investigated dynamic behaviors of fishing nets under wave and current excitations. Cifuentes and Kim [13] also investigated the coupled dynamics of a complex system including SPM-buoy-feeder-cage. Chen and Christensen [14] also solved hydrodynamic responses of a floater-net system in currents and waves.
The purpose of this study is to predict dynamic behaviors of stow nets for various ocean conditions by using time-domain computer simulations and assess the feasibility of the corresponding monitoring system. Sensors can measure buoy motions and mooring/rope tensions. Traditionally, the performance analysis of stow nets was checked by test operations or small-scale experiments [15] [16] [17] [18] [19] [20] . Through numerical simulations, more physical insights for better design and operation are available. Furthermore, with the accumulated data by numerical simulations, it can indirectly be used for checking net performance. Figure 1 shows 2D and 3D views of the stow-net model. Material properties and design parameters of the stow net are summarized in Table 1 . The stow-net model is selected from one of the actual designs used in southwest coast of South Korea. The stow net consists of a net assembly, a location buoy, a rope, and mooring lines. The net assembly is made up of a net, a head rope, a ground rope, buoys, and weights in detail. The height and width of the net entrance and length of the net assembly are 15 m, 30 m, and 60 m, respectively. The net is made of polyethylene, and small weights are installed between threads to adjust the buoyancy to weight ratio (BWR) of the net to 1.01. Head and ground ropes, which are made of oak, are installed on top and bottom of the net entrance. One of the most important parameters to determine net-stretching performance is the BWR of the net entrance, and in this study, the BWR of the net entrance is fixed to be 1.5. Buoys are placed at both ends of the head rope to create additional buoyancy while weights are located at both ends of the ground rope to adjust the BWR of the net entrance. Polypropylene is used for mooring lines and the rope. Especially, a SPM is used for the station keeping purpose with heavy anchor at a target location. In this case, the end point of SPM is assumed to be fixed. A rope is used to connect the location buoy and the net assembly. The location buoy is installed to show the location of the stow net visually. Moreover, the primary goal of this research is to develop monitoring system for the stow net to extensively, continuously monitor essential parameters in real time so that fishers can estimate net functionality through entrance area and monitor whether fishing gear is lost. Monitoring sensors are positioned at the mooring line #1 to measure tension and location buoy to measure translational motion and rope tension. Measured data will be wirelessly transferred to a fishing boat. With the pre-assessed data base, for instance, by reading the mean mooring tension and surge mean offset of location buoy, current velocity can roughly be predicted. Then, using the relation between net entrance area and current velocity (e.g., Figure 6 ), the functionality of the net can indirectly be assessed. Sudden decrease of mooring or rope tension close to zero means that they are disconnected. 
Numerical Model

Configuration of Stow Net
Time-Domain Numerical Simulation
The numerical model of the stow net is designed by using a commercial software, OrcaFlex. This software is able to perform fully coupled analysis of floaters and line elements with consideration of nonlinear effects [21] . The net, rope, and mooring line are modelled by line and 3D buoy models. The line model is comprised of a series of nodes and segments. In the node, weight, buoyancy, drag, and properties related to force are lumped, and stiffness properties, i.e., axial, bending, and torsional stiffness, are modelled in the massless segment. The 3D buoy model is utilized for not only the connection of two or three lines considered as the dummy, rigid body causing negligible influences on entire dynamics but also the location buoy, weight, and other buoys. The equation of motion for the entire model can be describe as Equation (1):
where M(p,a) is the inertia force matrix, C(p,v) is the damping force matrix, K(p) is the stiffness force matrix, and F(p,v,t) is the external force vector that is hydrodynamic force in this study. The symbols p, v, a, and t represent position, velocity, acceleration, and time, respectively. The hydrodynamic force from current and wave is calculated by the Morison equation for a moving object. The Morison equation is made up of linear inertia force and nonlinear drag force. In case of a cylindrical object, hydrodynamic force per unit length can be expressed as follows:
where C m (= 1 + C a ), C a , and C d represent the inertia, added mass, and drag coefficients. D and ρ denote an outer diameter of a cylinder and density of seawater.
. u and u are acceleration and velocity of fluid particles. C a is fixed to be 1 for the entire stow net [22] . In addition, C d of the net is chosen by the formulation suggested by DeCew, et al. [23] . The formulation is revised from Choc and Casarella [24] with expanded Reynold number up to 10 7 , which is given in Equation (3): 
where Re n (= ρV n D/µ) is Reynold number, and V n denotes relative velocity between the fluid particle and the object acting on the normal direction. In case of mooring lines and ropes, C d is fixed to be 1.2 [25] . Developing a numerically equivalent net model is required since it is unfeasible to make actual net model with a large number of threads. The entire procedures are well described in authors' previous publications (e.g., Cifuentes and Kim [11] ), and their numerical results have been well matched against various experimental results. The equivalent net model should be generated so that wet mass, projected area, and axial stiffness have to be equivalent between the actual physical net and numerical net. In this case, wet mass is adjusted by adjusting mass of 3D buoy installed between threads in the net setting the BWR of the net to be 1.01. The projected area is matched based on the solidity ratio that is defined as a ratio of total area of threads to the projected area perpendicular to wave and current directions, and solidity ratio is fixed to be 0.1 here. The axial stiffness of the equivalent net is adjusted by modified Young's Modulus, as described in Fredheim [26] . Time histories of random waves are generated by superposing 100 regular-wave components with randomly perturbed frequency interval. The following JONSWAP wave spectrum, which is given in Equation (4), is used to generate long-crested random waves.
where ω is wave angular frequency (rad/sec), ω p (= 2π/T p ) is peak angular frequency (rad/sec), T p is peak period (sec), H s is significant wave height (m), and γ is the enhancement parameter.
Wheeler stretching method is further applied to Airy wave theory to represent wave kinematics more realistically above mean waver level [27, 28] . Current profile is generated by using the power-law method, which is defined as follows:
where V cf and V cb are current velocities at free surface and seafloor, respectively. z f and z b denote vertical coordinates of still water level and seafloor, respectively. po is the power law exponent. In this paper, waves and currents are linearly superposed, and the nonlinear interactions between them are not considered. Table 2 provides environmental conditions simulated in this study. Wave and current conditions are selected based on the real measurement data observed in southwest coast of South Korea for 2014-2016 as represented in Figure 2 . Furthermore, fishing conditions for different wave heights are suggested in a guide [29] . According to the guide, fishing is prohibited when the wave height is higher than 5 m. From the guide and real measurement data, wave heights for analyses were determined. Current velocity at free surface is from 0.25 m/s to 1.5 m/s assuming that current velocity at bottom is 20% of current velocity at free surface. Wave and current directions are assumed to be perpendicular to the net entrance, i.e., collinear environments and net. Simulation time is 30 min for each case. Figure 3 provides an example case of generated time histories of sea surface from JONSWAP wave spectrum at significant wave height of 1.0 m, and the comparison of the corresponding input and regenerated wave spectra for verification. Significant wave height, Hs (m) 
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Numerical Results: Performance Evaluation of the Stow Net
Validation of the numerical stow net is firstly conducted by checking the general trends acquired from experiments with several different models. In addition, the performance of the stow net is evaluated through the stretching ability of the net assembly, i.e., net horizontal length, net vertical deflection, and net-entrance area (also referred to as net mouth area), along with submergence depth of the net assembly in varying wave and current conditions. Figure 4 shows height-and area-reduction ratios at different current velocities without wave excitations to validate the numerical stow-net model. The reduction ratio is the ratio of decreased value under current to the value in fully stretched state. The trends of net-entrance height and area are compared with those of previous researches [19, 20] as a validation purpose. In the previous research, they considered different types of stow-net designs/materials/solidity ratios and conducted experiments to analyze the behaviors at different current velocities. As shown in Figure 4 , the ratios decrease as current velocity rises. Higher current velocity causes higher drag force acting on the net, and the net pulls the head and ground ropes in the current direction decreasing the net-entrance height and area. Since different models/materials are used in the experiments, direct quantitative comparisons are not possible. However, as a qualitative comparison, the general trends (e.g., decreasing ratios with increasing current velocity) in the present numerical simulations coincide with the experimental results. From this point on, let us consider the dynamic behaviors of the stow net system in steady sheared currents and irregular waves. Higher current velocity contributes to larger submergence depth of the stow net. Once the net floats close to the surface at low current velocity, twisting motions of the assembly might occur by wave excitations that will deteriorate the overall net functionality. The stretching performance of the stow net is also highly dependent on current velocity. Therefore, it is interesting to find the relationships between current velocity and both submergence depth and stretching performance. Figure 5 shows the snapshot of the stow net after 30 min of simulations at different current velocities, under the same wave condition (Hs = 1.0 m Tp = 5.25 s). Figure 6 shows time histories of net horizontal length, net vertical deflection, and net-entrance area of these cases. Table 3 summarizes the statistical results of these parameters for all simulated cases. Figure 5 clearly demonstrates that for current velocity lower than 0.75 m/s, the stow net floats close to the free surface, and the submergence depth of stow net gradually increases with increasing current velocity. It can be expected that as current velocity is lower than 0.75 m/s, the net assembly is significantly affected by wave excitations, which can be further demonstrated in Figure 6 . The time-history results demonstrate that the fluctuations in net horizontal length, net vertical deflection, and net-entrance areas decrease with increasing current velocity. If current velocity is higher than 0.75 m/s, we can observe only small variations in those parameters. The net horizontal length is the longest at current velocity of 1.0 m/s, and at lower current velocities, the current force is not enough to enable the net to fully stretch in horizontal direction, as can be observed in Figure 6a . While the net vertical deflection decreases with current velocity, the absolute value is the smallest at current velocity of 1.0 m/s as demonstrated in Figure 6b . Because current velocity decreases with depth, higher current force acts on upper parts of the net and head rope than lower parts of the net and ground rope, which causes vertical deflection. Moreover, as shown in Figure 6c , the net-entrance area decreases as current velocity rises, and significant decreases occur when current velocity is greater than 1.0 m/s. Maintaining the net-entrance area well at high current velocity is directly related to the performance of stow nets. Figure 7 shows net horizontal length, net vertical deflection, and the net-entrance area with varying wave conditions under the identical current velocity of 1.0 m/s. As can be intuitively expected, larger wave heights cause larger dynamic motions of net assembly. As can be seen in Figure 7a , the dynamic variations of net horizontal length are not significant except for the case of Hs = 5.0 m since the horizontal current force is dominant under the given submergence depth. In addition, the variations of net horizontal length tend to be larger in the negative direction because mooring and net-thread tensions only act on positive extension. As shown in Figure 7b , the dynamic motions of net vertical deflection significantly increase as wave height becomes more than 2.5 m/s mainly due to the flexible threads at the end of the net assembly. The time histories of net-entrance area show that variations of the area are larger in the downward direction because of the side ropes providing tension in positive stretch, as represented in Figure 7c . The stow net is influenced by wave excitations unless the submergence depth is deep enough, considering fast-decaying wave force with depth. Especially, at Hs = 5.0 m, the fluctuations induced by waves are large, which may cause a negative influence on fishing efficiency. More dynamic motions are expected at lower current velocities with smaller submergence depth. The large net notions significantly affect the mooring and rope tensions.
Effects of Current Velocities
and the net pulls the head and ground ropes in the current direction decreasing the net-entrance height and area. Since different models/materials are used in the experiments, direct quantitative comparisons are not possible. However, as a qualitative comparison, the general trends (e.g., decreasing ratios with increasing current velocity) in the present numerical simulations coincide with the experimental results.
Effects of Wave Excitations
tension in positive stretch, as represented in Figure 7c . The stow net is influenced by wave excitations unless the submergence depth is deep enough, considering fast-decaying wave force with depth. Especially, at Hs = 5.0 m, the fluctuations induced by waves are large, which may cause a negative influence on fishing efficiency. More dynamic motions are expected at lower current velocities with smaller submergence depth. The large net notions significantly affect the mooring and rope tensions. 
Feasibility of Monitoring-Sensor Technology
In this section, the feasibility of monitoring system developed for the stow net is evaluated. Numerical sensors are installed on the location buoy and mooring line #1. Two monitoring sensors measure surge (translational) motions of the buoy and tensions of the mooring line and the rope. Tension data are aimed to efficiently confirm that the fishing gear is not broken or lost. In addition, it might also be feasible to roughly measure environmental conditions and net functionality by the motion and tension data. Figures 8 and 9 show surge motions of the location buoy in different environmental conditions. Table 4 provides the statistical results of surge motions of buoy, rope tensions, and mooring tensions for all simulated cases. As can be seen in Figure 8 , the mean surge motion of the location buoy increases with current velocity up to 1.0 m/sec, and then remains with little change after that. The reason is that the mean buoy-surge is significantly affected by net and deeper net means less drag forces. Because submergence depth does not change significantly at low current velocities, the mean 
In this section, the feasibility of monitoring system developed for the stow net is evaluated. Numerical sensors are installed on the location buoy and mooring line #1. Two monitoring sensors measure surge (translational) motions of the buoy and tensions of the mooring line and the rope. Tension data are aimed to efficiently confirm that the fishing gear is not broken or lost. In addition, it might also be feasible to roughly measure environmental conditions and net functionality by the motion and tension data. Figures 8 and 9 show surge motions of the location buoy in different environmental conditions. Table 4 provides the statistical results of surge motions of buoy, rope tensions, and mooring tensions for all simulated cases. As can be seen in Figure 8 , the mean surge motion of the location buoy increases with current velocity up to 1.0 m/s, and then remains with little change after that. The reason is that the mean buoy-surge is significantly affected by net and deeper net means less drag forces. Because submergence depth does not change significantly at low current velocities, the mean buoy-surge increases with increasing current force. In addition, the fluctuations of the location buoy become smaller with the increase of current velocity and submergence depth. At low current velocities, since the submergence depth of the net assembly is shallow, the surge motion of the location buoy is also largely influenced by net motions. As current velocity increases, the net surge motions decrease, which results in smaller buoy-surge motions. As represented in Figure 9 , at the same current velocity, the mean buoy-surge remains little changed, while its dynamic surge motions increase with wave heights.
In Figures 8 and 9 show surge motions of the location buoy in different environmental conditions. Table 4 provides the statistical results of surge motions of buoy, rope tensions, and mooring tensions for all simulated cases. As can be seen in Figure 8 , the mean surge motion of the location buoy increases with current velocity up to 1.0 m/sec, and then remains with little change after that. The reason is that the mean buoy-surge is significantly affected by net and deeper net means less drag forces. Because submergence depth does not change significantly at low current velocities, the mean buoy-surge increases with increasing current force. In addition, the fluctuations of the location buoy become smaller with the increase of current velocity and submergence depth. At low current velocities, since the submergence depth of the net assembly is shallow, the surge motion of the location buoy is also largely influenced by net motions. As current velocity increases, the net surge motions decrease, which results in smaller buoy-surge motions. As represented in Figure 9 , at the same current velocity, the mean buoy-surge remains little changed, while its dynamic surge motions increase with wave heights. Table 4 ) show the time histories of rope tension in different environmental conditions. Generally, as current velocity is lower than 1.0 m/s, rope tension gradually decreases with increasing current velocity. The opposite trend can be observed if current velocity is greater than 1.0 m/s. At high current velocity, the net is more submerged, and the rope becomes taut (see Figure 5) , and thus the dynamic tensions increase. In this case, both surge and heave motions of buoy contribute to the rope dynamic tensions. At low current velocity, the net is close to surface and rope becomes almost horizontal (see Figure 5 ) and the tension is caused by the relative surge motions between the net and buoy. Interestingly, both effects become minimal at the current velocity of 0.75 m/s. As shown in Figure 11 and Table 4 , when the current velocity is fixed at 1.0 m/s, the rope dynamic tensions increase with wave heights, as can intuitively be expected. When the rope is slack, the location buoy can also function as wave-measurement buoy since it vertically follows wave surface. Figures 12 and 13 show the time histories of mooring tensions under different environmental conditions. They show that the maximum mooring tension increases with increasing current velocity. It is mainly due to the increase of static tension in stronger currents. However, the variations (or dynamics) of mooring tensions decrease because of the increased submergence depth, so less wave effects, in stronger currents. On the other hand, Figure 13 shows the mooring tensions for various wave heights at fixed current velocity. In this case, the dynamic (or maximum) mooring tension increases as wave height increases, as can intuitively be expected.
From the simulated results, wave/current conditions, net functionality, and net submerged depth can roughly be predicted by observing buoy surge motions and rope/mooring tensions. Rope and mooring tensions will also provide information whether the location buoy and/or the net assembly are lost. Therefore, monitoring sensors can be applied for that kind of purpose after enough simulated data are accumulated with a target stow-net design. The numerical simulations are also very useful in selecting the proper range of motion and tension sensors. Sophisticated and integrated research is needed for the optimal design of highly functional monitoring system. at 1.0 m/sec, the rope dynamic tensions increase with wave heights, as can intuitively be expected. When the rope is slack, the location buoy can also function as wave-measurement buoy since it vertically follows wave surface. Figures 12 and 13 show the time histories of mooring tensions under different environmental conditions. They show that the maximum mooring tension increases with increasing current velocity. It is mainly due to the increase of static tension in stronger currents. However, the variations (or dynamics) of mooring tensions decrease because of the increased submergence depth, so less wave effects, in stronger currents. On the other hand, Figure 13 shows the mooring tensions for various wave heights at fixed current velocity. In this case, the dynamic (or maximum) mooring tension 
Conclusions
Computationally more efficient 3D equivalent net models are developed. With the model, time-domain numerical simulations are conducted for analyzing the global performance and monitoring feasibility of a stow net in wave/current conditions of the southwest coast of South Korea. The stow-net design is based on one of actual designs used in South Korea. The input sea conditions are obtained from the three-year-real-sea data. The simulated general behaviors of the stow net are compared against the observed behaviors from previous experiments, and reasonable agreements are obtained. Current force is dominant to determine the submergence depth and stretching performance of the stow net. High current velocity contributes to smaller net height and entrance area. Net motions and the corresponding dynamic mooring tensions are significant as the submergence depth becomes shallower at lower current velocity, and wave heights increase. By using the accumulated simulation data of a target stow net, wave/current conditions, net location, net survivability and functionality, and net submerged depth can roughly be predicted by observing the signals of monitoring sensors for buoy surge motions and rope/mooring tensions. Tension data will be able to determine whether the net assembly and/or the location buoy are lost.
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